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1.0 SUtl?%RY 
This design note presents 2-IrlU FOI performance data f o r  the 
sequential probabi l i ty  r a t i o  tes t  (SPRT) durSnp shut t le  entry. Also 
included are current rode l l in?  constants and f a i l u r e  thresholds f o r  
the f u l l  mission 38 entry through landino tra.ject0i-y. FDI resul ts  
are presented i n  a Vaw data" tabular format I n  order t o  furnish the 
reader wi th  as much data tracking tes t  detection and iso la t ion  per- 
formance data as i s  possible, w i th  a minimal amount of data processino. 
Winimum IO= detection/isolat ion f a i l u r e  leve ls  and a discussion of 
the ef fects o f  f a i l u r e  d i rect ion are presented. Final ly,  a l im i ted  
comparison o f  fa i lu res  introduced a t  t ra jectory  i n i t i a t i o n  shows that  
the SPRT algorithm performs s l i g h t l y  worse than the data trackin? tes t  
(Reference 1 ) . 
2.0 INTRODUCTIOfI 
l a s t  September the SPRT algor i thn was haselined a t  the Level I: 
OFT Entry SDR t o  perfom the onboard 2 and 3 I191 FDI test in? w i th  
skewed IblU's. I n  order to both develop and v e r i f y  the pethad, a 
subroutine incorporating the 2-IMIl SPPT was added to the IWFDI t r i p l e  
s t r ing  IMU simulation program on the JSC Univac 1110. This report  
contains an evaluation o f  the pres:,,..t SP*T fornu lat ion (Reference 2) 
i n  detecting and ident i fy ing s o f t  ItlU fa i lures,  
3.0 DISCUSSION 
The 2-IFW SPRT performance data presented i n  section j . 0  were 
generated by thc IFIUFDI program, version 1G.C, interfaced with the 
2-IMU SPRT subroutine, as described i n  Reference 2. The folloviing 
pdragraphs contain er ror  modelling data, guide1 incs, and other 
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constants specifying the exact conditions under which the enclosed 
fa i l u re  tes t  case resul ts were generated. 
3.1 Guide1 ines 
Reference Mission 3B entry 
Simulation begins a t  entry interface (400 Kft.),  
and ends a t  touchdown, 1945 sec. a f te r  entry interface 
Only IblU B1 and IPlU P2 are OH; IF lU t 3  i s  dowmded thmuohout 
a l l  t es t  cases 
A l l  fa i lures are introduced in to  TMU tl a t  tine t=O (400 Kf t . )  
F i r s t  detection/isolation tests are performed a t  time t = l q  
sec., subsequent tests are perfowed every 5 set. thereafter 
Each fa i l u re  case i s  tested through 30.Yonte Carlo cycles 
The 11" nav base p i tch  i s  modeled 
The Kearfott ItW gimbal sequence i s  used (ZYX-inner middle 
outer) 
The following l imi ta t ions o f  the IWFDI program should he mentioned: 
0 A l l  IMU's are  assumed collocated. 
0 No tangential o r  centr ipetal forces a re  aodeled. 
0 A 3 gimballed IMU error model i s  used, e r r o r  i n  the 4th 
(inner r o l l )  gimbal i s  unmodeled. 
0 This i s  an open loop Simulation 
3.2 F i 1  t e r  Constants 
The f i r s t  order whitening f i l t e r  i s  characterized by the fallowincr 
constants : 
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Autocornl  a t i  on time 
= 120 sec. 'GYRO 
T A ~ L  = 120 sec. 
&ins 
3.3 Ease Fai lure Thresholds 
The base f a i l u r e  thresholds are p lo t ted i n  Figures 1 and 2, 
together with the 100 Monte Carlo cycle envelopes of nominal data 
before f i l t e r i n g .  The gyro threshold i s  a 3rd order polynomial 
function o f  time, specif ied by the fol lowin? coefficients: 
TGYROO = 3.7 . E-4 
TGYROl = 3.4967 E-6 
TGYR02 = -1.1786 E-1 0 
TGYR03 = -5.8263 E-13 
. 
I - 3
s3 
c 
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Figure 1. Total Relative m a l  ipments 
L 
j Ffgure 2. Incremental AV Differences 
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The accelerometer threshold is a 3rd order polynomial which latches t o  
a constant level a t  t-1145 see. Before 1145, the threshold i s  specified 
by the following coefficients: 
TACCLo = 2-83 E-5 
TACCLl = 4.3503 E-8 
TACCLZ = -5.3665 E-11 
TACCL3 = 9.7743 E-14 
3.4 Log Likelihood Ratio Constants 
The failure thresholds on the residuals - after filtering are also 
plotted i n  Figures 1 and 2, together w i t h  envelopes of 100 Monte Carla 
cycle nominal residuals. These thresholds are calculated f r o m  the base 
faIlure thresholds as described i n  Reference 1' usinq the followina 
constants: 
Att i tude Transient Percentage 
= .15 
= -80 
'NB, GYRO 
'FIB, ACCL 
Attitude Transient Detect Les el 
AGIM = .226 radians 
Residual Standard Deviation 
= 2.K-4 rad 
= 1.2E-5 Km/sec 
%YRO 
' ACCL 
Mean False Alarm Rate 
ALPHA = At/T = 5/5000 = 
Where T = 5000 sec., mean time hetween false alarms 
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3.5 Skew Matrix 
The ideal skewed transformation from IPlU tl to  ItlU #2 stable 
platform coordinate frames i s  given by: 
.8O9O169W - . 3Q90169Q4Q 
.500(1001)(rr)0 
.80?01699(14  - .3090169944 .50000r)01)0O 
3.6 IMU Platform t o  Nav Base Euler Yatrix 
The Kearfott IMU stable platform to navigation base transformation 
- matrix i s  given by: 
c$se -stJ 
c$ce+s$s$se WJ, 
-s$ce+c$s$se C&J, - 
where Stsine, Ctcosine, +, $, 0 are the X, V ,  Z gimbal angles, 
respectively . 
3.7 IMU Entry Error Nodel 
I 
! 
__ - -  
LCCfLtf!Oi4ETER ERRORS (lo) per ax i s  
bias 
scale factor 
tnput axis misalignment 
quantization 
;YRo ERRORS (la) per axis 
bias d r i f t  
g-sensitive d r i f t - i npu t  axis 
9-sensitive dr i f t -sp in  axis 
g2-senritlue dr i f t - input/spln axis 
scale factcr  
munting aligncnect 
tKU ERRORS (to) 
IMU t o  nav. base 
gimbal non-otthcscnal i r y  
resolver bias term 
resolver sinusoidal term 
resolver mul t ip l icat ive speed 
girbal  quantization 
IMTlAL ALIGIMNT ERROPS ( lo)  
each axis 
Englneering Values Program Values 
15 arc see 
I ~ ~ O - ~  Wsec 
0.035 deglhr 
0.025 deg/hr/g 
0.025 deg/hrfg 
0.025 deg/hr/g2 
200 PPE! 
60 arc sec 
.42.4 arc sec . 
50 arc sec 
0. 
30 arc sec 
2 
20 arc sec 
132 arc sec 
-490333369-006 h 
.OOO1 
,727220522-004 rad. 
i x 1 0 - ~  W s e c  
2 
.169684788-@06 tad 
. sec 
.om2 
-290e8E209-@03 rod 
.2056890249-003 rad 
.242406E405-003 rad 
0 
.1456441043-003 rad 
2 
.969g73622-0@4 rad 
.6399540589-003 rad 
1. 
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4.0 RESULTS 
Detection and i so la t i on  sens i t i v i t ies  o f  the 2-IMU SPRT algorithm 
were tested on fa i lures i n  gyro d r i f t ,  accelerometer bias, and accelero- 
meter scale factor, introduced i n t o  IMU P1 a t  t=O (400,000 ft). Fai lure 
levels were selected t o  correspond with the cases tested i n  Reference 2 
so tha t  performance o f  the SPRT and data tracking tes t  could be compared 
under s imi lar  condi t ims. Fai lures i n  the fo l low ng orientat ions were 
exami ned : 
Single axis: X ,  Y, and Z axes 
Dual axis: -45' and + 4 5 O  i n  XY plane 
Final ly, f o r  the sake o f  completeness, SPRT performance i n  the presence 
of no f a i l u r e  i s  summarized. 
Each f a i l u r e  case i s  surmarited i n  a s i x  colmn table. The f i r s t  
i, column i s  the Monte Carlo cycle number. The second i s  the time (sec. 
,', 
from entry interface) o f  the f i r s t  detection; t h i s  number w i l l  he equal 
t o  zero i f  there has been no detection during the cycle. The t h i r d  
column i s  the type o f  detection, ACCL or GYRO; t h i s  f i e l d  w i l l  he blank 
i f  there has been no detection. Colmns 4 and 5 are the same as columns 
2 and 3, except tha t  they pertain t o  the f i r s t  isolat ion instead of the 
f i r s t  detectfon. The s i x th  column i s  the IMU confipuration control f l a q  
AFAIL, which i s  set a f t e r  the f i r s t  isolat ion.  This number should he 
equal t o  5 f o r  a l l  IMU $1 fai lures; i t  would be equal t o  6 if the isola- 
t i o n  lop ic  indicated an IMU $2 fa i lure.  
4.1 k r o  D r i f t  
Tables 1, 2, and 3 contain FDI performance s m a r i c s  for  .So/hr, 
1°/hr, and 2O/hr fai lures, respectively. The fol lowinq observations 
are made on the basis o f  these data: 
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.5O/hr detection was high but never lnr)?, ranging from 83X 
i n  the Z axis case t o  97% i n  the -45' case 
lo/hr iso la t ion was l O V !  i n  only the +&5" case, fal l inp t o  
97% i n  the V and Z cases, t o  435 i n  the X case and 3% i n  the 
- 4 5 O  case 
2"/hr iso la t ion was 100% i n  a l l  but the -45O case. Average 
iso la t ion times were sharply reduced from the 1°/hr cases. 
For example, Y axis average iso la t ion time f e l l  from 1515 sec. 
t o  479 sec. 
4.2 Accelerometer Eias 
Tables 4, 5, and 6 contain FDI performance sunnaries for lclSQ~g, 
12Ohq, and 200Q19 fai lures, respectively. The fol lowin? observations 
are made on the basis o f  these data: 
0 IOOkg detection was high but never I n ? ,  ranqina from 87X 
i n  the -45" and Y cases t o  935 i n  the X ax is  case 
0 120Opg detection was 1007' i n  a l l  cases. 1200119 iso la t ion 
ranged from OX i n  the -45" ar.d X cases t o  50% i n  the + 4 5 O  case 
0 2000119 i so la t ion vas 100% i n  the +45O,Y, and Z cases, f a l l i n g  
t o  209: i n  the X case and 3% i n  the -45" case. 
4.3 - Accelerometer Scale Factor Error 
Tables 7, 8, and 9 contain FDI performance sumnaries f o r  8000pprn. 
5000ppn1, end 8000ppm fa i lures,  respectively. The fol lowin? observatlons 
are made on the bas is  o f  these data: 
0 The 100% detection l e v e l  l i e s  between 300(FFpm and 5Onr)ppm 
0 5OOOppm iso lat ion was a t  best i n  the X ax is  case 
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a 8000ppm isolation was 1002 i n  the -4S0, Y, and 2 cases, fa l l ina 
t o  97% i n  the +45' case, and t o  632 i n  the X axis case. 
4.4 Nominal 
Table 10 contains the FDI performance summary i n  the nominal case. 
In a separate run (not included) the algorithm was tested d u r i n a  100 
nominal Monte Carlo cycles w i t h  no false  detection 3r isolation. 
5.0 CorictusIoris 
The following conclusions a re  made on the basis of the data contained 
i n  section 4.0. 
(I For a l l  cases run  w i t h  the SPRT, there were no false  detections 
i n  a 100 Monte Carlo cycle nominal case, and no incorrect 
isolations i n  the fai lure  cases. 
0 Failure detection- was sensitive, for a l l  fa i lure  orientations, 
w i t h  the following 1r)Of detection levels 
gyro drift  2 .6"/hr 
accelerometer bias 2 11Okc 
accelerometer scale factor Z WYIpprn 
0 For the IMU pair tested (!1, !Z), the hest isolation qermetry 
holds for the +45", Y, and Z axis cases. Best geometry 100: 
isolation levels were found t o  be: 
gyro d r i f t  1°/hr 
accelerometer bias 1400119 
accelerometer scale factor 60fWppm 
0 -45' and X axis failures ii Tyro d r i f t  and accelerowter bias 
exhibited poor isolation 51: ometry, since t h e y  were closest t o  
the ambiguity 1 ine a t  -31.7' i n  the XY plane discussed i n  the 
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appendix of Reference 3. In the - 4 5 O  case, 1°/hr isolation fell 
to 3X, and 2Onr)lrg isolation fell to 3%. 
I!eference 1 presented the following 1005 levels for the tracking test: 
Detection: .SO/hr, 80@g, 4I)C)Oppm 
Isolation: 1°/hr, 120@g, 5OOOppm 
Comparing these levels with those above for SPRT, the tracking test 1s 
slightly more sensitive than the SPRT. A comparison of response tines 
shows the tracking test to be slightly faster in detection/isolation 
than the SPRT. 
6 .O REFERENCES 
1. T. M. Rich, 'Performance Results of the  Data Tracking lest for 
2-1NU FD:," MDTSCO Uorking Paper No. E914-8A-026, 27 Feb. 1976. 
2. T. M. Rich, "A betailed Description o f  the Sequential Probability 
Ratio Test for 291MU FDI", MDTSCO Design Note No. 00410-007, 24 Harch 1976. 
3. T. M. Rich, "Performance of the version 17.R Tkm IIlU Single Axis 
FDI Logic in Detecting and Isolating @pal Axis Gyro Failures", 
MDTSCO \*;orking Paper Ho. E914-8A-On3, 10 Oct. 1974. 
GTRO ---. o . .  
0 
6 T Y O  
GTNO 
orno - 0  
GTWO 0 
G I B *  0 
0 
0 ---- --- 
GYRO 0 
GTUO 0 
G I N 0  0 
CI"O -. ---. 
GTUO 0 
GTUO 1815 G I R O  
0 
611)O . o  
GTUO 0 
G T R O  0 
G T N O  0 
6 T R O  . 0 .. - .-- 
CTRO 0 
G T Y O  0 
G T M O  0 
G T R O  - - 
G V R O  0 
G l R O  0 
0 
GYRO 0 --.*-- _----I 
111515 I075 
8 
.. __. .  
. 0 . ----- - 
. - _  
- - 0--- -.--. 
:;E:.-- -.  0--- -. 
0 
0 
0 
0 
0 .  
0 
0 -  
0 u 
0 
' 0  
0 
5 
0 
0 -  
0 
0 
0 
- 0 '  
0 
0 
0 
- 0 -  
0 
-0 - 
0 
8 
8 
0 
O 
0 
0 -  
- 0  
0 
0 
0 
0 
0 
0 
U 
0 
0 
0 
1 0 
I O 
I 0 
1 -  0 -  
I 0 
I 0 
I 0 
t- 7- 
I . o  
I 0 
I 0 
1- u- 
I 0 
--.-I- 
_--- 
----- 
, ---a 0 
------ ----.. 
%990 0 . . -. 
a) - 4 5 O  i n  XY plane 
~ GlRO---- 0 
G I M O  0 
G T * O  0 
G l N O  0 - G T k O  --- 0 
b T M 0  0 
O I R U  0 
O T * U  0 
G I N 0  ----- 0 
G l h O  0 
O I U O  0 
G T h O  0 
G T U O  ----- 0 
GTMO 0 
G T k O  a 
G I * -  a 
0 
G T * O  a
G Y k O  a
0 - C T k O  - 0  
G I R O  a 
G T h O  0 
G I N 0  a 
--GTUO a 
G T N 0  a 
G Y M 0  a 
GYNO a 
.-GTkO a 
GTNO a 
-- -- 
b) X ax is  
___)-- -1 760 GlRO----. 0 z 171s G Y R O  
.I 1550 G T R O  
0 
0 
1. Ta bl e "/ hr Gyro ..I Drift, 
. 
-- 
! 
e) 2 a x i s  .. 
I .  
cvao 
C Y 0 0  
GYQO 
6 1 R O  
6YRB 
OYRO 
GYRO 
b) X axis 
I 
. a) 4 S 0  i n  XY plane 
XST DC1LCTIOB 
SVRO 
bVh0 
6TkO 
C.U0 
G I R B  
6rG0 
6 V U 0  
G I G O  
GTaO 
GTUO 
6TRO 
b+AO 
LTLO 
G I R O  
1.1110 
GTkO 
6lkO 
6.~33 
t.60 
GYUO 
6IkO 
GTRO 
GThO 
6 Y i O  
6 T R O  
6TSO 
f:s; 
GYRO 
G T ~ O  
S 
5 
5 
5 
5 
S 
3 
5 
0 
5 
1 
3 
3 
S 
S 
5 
i 
i 
S 
S 
S 
----- 
4201s 
in  XY plane c) + 4 9  
6ra0 
CVRO 
t r a o  
b r a 0  
t t a o  
G I R O  
G V R O  
6TRO 
u I R 0  
G V R O  
G I R O  
G W O  
G T R O  
bVR0 
G Y R O  
G I R O  
GTRO 
G I R O  
G Y R O  
C I R O  
G I R O  
G I R O  
G I R O  
G l V O  
C l A O  
G I R O  
C I Q O  
t ? R O  
cvao 
Table 2. 1 "/ hr 
. .  
G W O  
C I U O  
GTWO 
e) t a 
I 
I I S 
i 
i 
i 
i 
f 
l 
5 s 
5 
5 S 
S 
1 , - -  
I 
1 
1 
-0- . 
U 8 0  SSWO - 
. a) -49 i n  XY plane b) X axis 1 
c) + 4 5 O  i n  XY plane d) Y axis 
. -  . .  . S p i t  OETECtIOI ixSOLrTrOw PCaFor~raCE Sunnmv . 
Table 3. 2 O/hr Gyro D r i f t ,  IMU #I  
. 
;rosa 
e) Z axis * 
WLL 0 
4f CL 
Af LL 
ACLL. 
ACLL u 
hCCL 
ACLI 
b L I  
ACL4 
ACLL 
rCCL --.. - E 
8CCL 
L 
ACCL - -_ -
bCCL 
8CLL 
ACLL 
8 
z 
P 
ii 
ii 1. 
B 
$ 
6 C L  ---I- 
A L L  
ACCL __--..--- e .  
CCLL 4 
ACCL 
ACCL ._ _ _ _  - 
ACCL 
ACLL 
LCCL 
ACCL. _- 
ACLL -- 
720 0 
b) X ax4s 
SPIT  ~ ~ C l ! J I a l I S C L A l I O I  P E R F O R l r k C E  SU*"AI)Y 
eve Lf 1st OElCCTICR I S T  ISOLITIOW 
- --. -..- - -  
. -  
, -- 
icrr 
" c) + 4 5 O  i n  XY plane d j  Y arts 
21, LCCL 
3s ACCL 
9b ACCL 
?5 ACCL 
15 ACCL 
1'. :;'c' 
Bias, I?lU Table 4. 1000 pg Accelerometer 
. 
? 
i 
c 
F j 
---.-.I- --- :- -.. .. -. 
: -  
i 
ACC, 
A C C L  
. . y - .  
ACCL 
~ C C L  
A C C L  1 
r C C L  5 
A L C L  ' 5  
ACCL 
ACC- 
L 
A C C L  __ 2 _._ 
5 1  5 - _  
c) +45" i n  XY plane 
. 
Table 5. 1200 pg Accelerometer Bias, 1F.W P1 ... -. ACCL 
6 
4 
i 
I 
i 
t: 
0 
U 
b 
b 
c 
4 L C L  
bCCL ~ 
. .  
accr 
." . 
- -  
I *  
1 
-- -3 
Q 
5 
It 
:I - . 
L .  :L 
L 
'L 
.L 
'L 
'C 
:L 
:L 
:L 
:L 
:L 
:L 
:L 
:L 
:L 
:L 
:L 
:L 
:L 
:L 
.L 
:i 
it 
;r 
Table 6 .  2000 ug Accelerometer Bias, IMU C 1  
. .  
i 
ACCL 
ACCL 
ACCL 
bCiL 
bCCL 
M C L  
ACCL 
ACCL 
ACCL 
ACCL 
b C C i  
bCCL 
ACCL 
ACCL 
ACCL 
bCCL 
bCCL 
bCCL 
K C L  
bCCL 
ACCL 
bCCL 
ACCL 
:Et 
fllt 
A-CCL 
ACCL 
bCCL 
ACCL 
bCCL 
2 
I 
1 
f 
f 
!i 
! 
3 
E 
I * o  
0 
0 
.Q 
0 
0 
a) i n  XY plane 
C T C U  
3 
i r  
ii 
. 1.- 
. e  
1 
b 
t 
1: 
11 
25 
- 
3 0  
L S T  1SOLAlfON 
H 0 3 4 n 
3 8 
l " 2 E  bCCL 5 
1"S: bCCL 
ikZS bLCL 
131s bCCL I 
4 P g 
C 
Y 
(i E 
C E - 
1 
0 0 
0 
C 
J 
1 
3 
8 
0 
i 
99; ACCL 
1313 ACCL 
992 bCCL 
S 6 f  bCCL 2 
!! 
-18- 
Table 7. 3000 ppm Scale Factor Error, IMU t l  
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Table 8. 5000 ppm Accelerometer Scale -- 
-. Factor Error, 1MU 81 
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Table 9. 8000 ppm Accelerometer Scale 
Factor Error, 1MU #l 
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